Introduction
There has been considerable recent interest in dissolved oxygen sensor, owing to its importance in environmental monitoring, industrial safety, and their great promise for a wide range of future technological applications. 1, 2 The Clark-type oxygen sensor 3 is the most applicable commercial electrochemical dissolved oxygen sensor. The commercial Clark-type oxygen sensors have good detection limit and accuracy. However, these commercial sensors are not very compact and relatively expensive, since the fabrication process is complicated and platinum is normally used as the electrode material. 4 Platinum-group metals have high electrocatalytic activity for oxygen reduction, since these metals have a relatively low oxygen overvoltage, and react in direct 4-electron reduction. However, the catalytic activity for the oxygen reduction decreases by forming oxidative products on the electrode surface.
Various metals, 2,5-7 metal complexes [8] [9] [10] and enzymes 11 have been widely studied as catalsts for oxygen reduction to improve the catalytic efficiency and to fabricate inexpensive oxygen sensors. Recently, the authors prepared a cerium oxide-supported silver (CeO2/Ag) catalyst, and reported that quasi-4 electron reduction occurs on the CeO2/Ag surface. 12 The CeO2/Ag catalyst retains a high oxygen reduction activity, and is stable under the oxidative and high alkaline conditions. Here, the authors used the CeO2/Ag catalyst for the present screen-printed dissolved oxygen sensor.
Screen-printing technique has been widely applied to the fabrication of electrochemical devices, such as dissolved oxygen sensors, 4, 5 dye-sensitized solar cells, 13, 14 biosensors, 15, 16 and corrosion sensor, 17 since it has the following merits: (a) drawing precise pattern of micrometer order (easy to miniaturize), (b) a wide variety of inks, (c) high reproducibility, and (d) low cost.
The authors selected a polydimethylsiloxane (PDMS) emulsion as a material of permselective film. The PDMS film is well known to have good oxygen permeability. [18] [19] [20] [21] [22] [23] Mizutani et al. [18] [19] [20] [21] [22] reported that a PDMS-coated electrode prepared from the emulsion was useful as a transducer for detecting oxygen in oxidase-based sensors. They coated the emulsion of PDMS by a cast method on the platinum surface. By using the screen-printing technique, the authors could control the PDMS film thickness more uniformly with high reproducibility.
Despite the importance of the screen-printing technique for preparing a disposable dissolved oxygen sensor, there are few reports that all components of the dissolved oxygen sensor with high catalytic materials for oxygen reduction reaction are prepared by screen-printing. In the present study, the authors fabricated a screen-printed dissolved oxygen sensor based on a CeO2/Ag modified carbon (CeO2/Ag/C) electrode with PDMS film and evaluated the characteristics of this sensor.
Experimental
Preparation of the catalyst 12 Carbon black (2 g, Mitsubishi Chemical, KETJENBLACK EC-600JD), which was ground to powder by a mill (Janke & Kukel, A10), was dispersed in a 200-cm 3 aqueous solution containing 3.15 g silver nitrate. The solution was stirred for 15 min with a magnetic stirrer, and was evaporated to dryness at 100 C in an oven. The dried powder was sintered at 250 C for 1 h in a nitrogen gas atmosphere, and was coated with silver (50 wt% of silver). The electric furnace (Yamada Denki, VMF165) was used for sintering. The silver coated carbon powder was triturated by the mill.
A CeO2/Ag/C powder was prepared as follows. Equimolecular amounts of the silver coated carbon powder (0.108 g) and cerium nitrate (0.217 g) were mixed in an aqueous solution. The powder was dispersed in the solution by ultrasonication for 5 min. The solution was evaporated to dryness at 100 C in an oven. The dried powder was sintered at 400 C for 1 h in a nitrogen gas atmosphere. Figure 1 shows a schematic illustration of a screen-printed 2011 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. A screen-printed dissolved oxygen sensor was fabricated using cerium oxide-supported silver catalyst and polydimethylsiloxane (PDMS) film. A PDMS film of 3 μm thickness showed good permeability for oxygen and impermeability for hydrogen peroxide. The calibration curve has shown a linear relationship with a correlation coefficient of 0.996 for the dissolved oxygen concentration. The sensitivity and detection limit of the present sensor were calculated at -158 μA mM -1 and 8.4 μM, respectively. Notes dissolved oxygen sensor. The sensor is composed of a CeO2/Ag/C modified working electrode and a silver counter electrode. The surface areas of the working and counter electrodes are 0.096 and 0.231 cm 2 , respectively. The distance between the working electrode and the counter electrode is 1 mm. A polyimide film (Capton, Toray-Dupont) was used for the substrate. A silver lead was formed on polyimide film using a silver ink (ECM-100AF500, Taiyo Ink). Then, a catalyst ink, which was prepared by mixing the CeO2/Ag/C powder (2.5 wt%) with a commercially available carbon ink (ECM-100AF500, Taiyo Ink, 1 cm 3 ), was printed on the silver lead. A resist ink (TF-200FR1, Taiyo Ink) was printed over the silver lead and carbon electrode in order to prevent the silver lead from corroding, and to define the surface area of the carbon electrode. Finally, the PDMS emulsion (48 wt% in water, Toray Dow Corning Silicone) was printed on the electrode. The each ink was dried at 100 C for 30 min after printing. It is noted that thickness of the PDMS film is 3 μm. Figure 2 shows a schematic illustration of the experimental set-up. All electrochemical measurements using the dissolved oxygen sensor were made in a two-electrode mode using a potentiostat (ALS 600A, BAS) connected to a laptop computer. Quantification of dissolved oxygen concentration was achieved by measuring the current responses of the linear sweep voltammetry at a scan rate of 1.5 mV s -1 . A 67 mM phosphate buffer solution was used as an internal electrolyte. The buffer solution was kept at 25 C and stirred at 300 rpm during the measurements by using a magnetic stirrer. The dissolved oxygen concentration was varied by aerating the gas mixture of oxygen and nitrogen, and measured simultaneously with an oxygen meter (UC-12-SOL, Central Kagaku). The dissolved oxygen sensor was immersed in the solution for 10 min prior to the measurements. Figure 3 (A) shows linear sweep voltammograms in a buffer solution containing different concentrations of oxygen. No significant reduction response was observed in the buffer solution without oxygen. On the other hand, the limiting currents for oxygen reduction were observed in the potential region from -1.2 to -1.5 V. The limiting currents increase with increase of the oxygen concentration, indicating that the PDMS film has good oxygen permeability and limiting current can be used to estimate the oxygen concentration. It is noted that the 0 mM oxygen solution is a buffer solution in which the oxygen was removed by aerating the nitrogen gas for 30 min. Figure 3 (B) shows the calibration curve for the dissolved oxygen sensor. The limiting current at -1.3 V was plotted against the oxygen concentration. Good linearity with the correlation coefficient of 0.996 was observed. The sensitivity was calculated to be -158 μA mM -1 , with a standard deviation of less than 5% (n = 4). The detection limit was estimated at 8.4 μM. It is noted that the oxygen concentration in the air-saturated buffer solution is 0.22 mM at 25 C. 21 The present sensor was compared with a screen-printed dissolved oxygen sensor using a gold working electrode with electrolyte gel and a membrane. 4 The sensitivity of the present sensor appeared to be 2.7-times larger than that of the previously reported one. In addition, the present sensor is less expensive, since the gold ink is much more expensive than carbon ink containing CeO2/Ag/C powder.
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The authors previously reported a reaction scheme of oxygen reduction on a CeO2/Ag particle. 12 Oxygen is reduced to hydrogen peroxide by 2-electron reduction on the Ag surface. Hydrogen peroxide generated chemically decomposes to oxygen and water on the CeO2 surface by the disproportionation reaction. The oxygen generated on the CeO2 surface is reduced on the Ag surface again. Thus, quasi-4 electron reduction apparently occurs on the CeO2/Ag surface, although oxygen is reduced only by 2-electron reduction on the Ag surface. In the case of the quasi-4 electron reduction mentioned above, it is important to depress the diffusion of hydrogen peroxide to the bulk solution. Next, the authors investigated the permeation of hydrogen peroxide for the PDMS film. Figure 4 shows the linear sweep voltammograms of the dissolved oxygen sensor with or without the PDMS film in the buffer solution containing 0.1 or 0 mM hydrogen peroxide. The oxygen dissolved in the buffer was removed by aerating the nitrogen gas for 30 min. In the case of the dissolved oxygen sensor without PDMS film in 0.1 mM hydrogen peroxide solution, the reduction current for hydrogen peroxide clearly appeared between -0.6 and -1.4 V. On the contrary, the reduction current was not observed in 0 mM hydrogen peroxide solution. In addition, the current of the dissolved oxygen sensor with PDMS film in 0.1 mM hydrogen peroxide solution is almost the same as that without PDMS film in a 0 mM hydrogen peroxide solution. These results indicated that the PDMS film inhibited the permeation of hydrogen peroxide. Figure 5 shows a schematic illustration of the oxygen reduction mechanisms on CeO2/Ag with PDMS film. Oxygen penetrates to the PDMS film, and is reduced to hydrogen peroxide on the Ag surface. Almost all of the hydrogen peroxide decomposes to oxygen and water on the CeO2 surface, since the diffusion of hydrogen peroxide to bulk solution is depressed by the PDMS film. The oxygen generated on the CeO2 surface is reduced on the Ag surface again. Therefore, the total amount of reduced oxygen increases by using the PDMS film.
Yasukawa et al. 21, 22 prepared an amperometric glucose sensor using the PDMS film, which detects oxygen consumption due to the enzymatic reaction. They reported that the PDMS film of 100 μm thickness restricts the permeation of hydrogen peroxide. 22 On the other hand, they concluded that PDMS film of 50 μm thickness sometimes allows the permeation of hydrogen peroxide. Our prepared PDMS films showed good permeability of oxygen and impermeability of hydrogen peroxide for only 3 μm thickness.
The present sensor is expected to be useful as the transducer of a biosensor with a rapid response time, since its thin-film thickness leads to an improved response time of the sensor. On the other hand, convection in the solution might affect the sensor response as the film thickness decreases. Investigations of such applications and characteristics of the present sensor are in progress and will be reported elsewhere.
Conclusions
The disposable dissolved oxygen sensor using the CeO2/Ag/C was fabricated by fully screen-printing. The dissolved oxygen measurement using the present sensor showed good linearity with that of a commercial Clark-type dissolved oxygen sensor. The thin PDMS film shows impermeability of hydrogen peroxide, suggesting that the present sensor is useful for not only environmental monitoring and industrial safety but also a transducer for a biosensor. 
